Introduction
Most infants born before 30 weeks gestational age (GA) develop respiratory distress syndrome soon after birth. Methods of surfactant administration that avoid ventilation have been recently introduced. The aim of this study was to evaluate the impact of implementing a new procedure of less invasive surfactant administration (LISA) and determine whether it is associated with an improvement in respiratory outcome.
Methods
This single center cohort quality improvement study analyzed preterm infants born before 30 weeks GA between May 2010 and April 2016. Changes in health care practices and respiratory outcomes following the implementation of a LISA, i.e. the administration of surfactant through a thin catheter, were analyzed using quality control charts. Then, the effect of LISA on respiratory outcome was assessed by propensity score matching and logistic regression weighted by the inverse of the propensity score.
Results
During the study period, 379 infants were included. Of those that were not intubated at ten minutes of life, 129 received surfactant and were ventilated for one hour or more (InVent), 127 received LISA, five received surfactant with tracheal mechanical ventilation for less than one hour (InSurE), and 55 were only treated with nasal continuous positive pressure during the first hour of neonatal care (nCPAP). Quality-chart analysis revealed rapid implementation of the method with a concomitant decrease in required ventilation. LISA was associated with fewer tracheal ventilation days and a lower incidence of supplemental oxygen on day 28 . When controlling for the propensity to be exposed or not to LISA, this PLOS pressure-limited T-piece resuscitator, with the continuous positive pressure generally set at 5 to 6 cm H 2 0 during and following initial resuscitation at birth. Spontaneously breathing preterm infants who had respiratory distress, i.e. with clinical symptoms of moderate respiratory distress with a fraction of inspired oxygen (FiO 2 ) greater than 0.3 for a SpO 2 between 90 and 95%, received surfactant administration according to the local protocol. Before May 2012, the administration of surfactant was followed by prolonged tracheal positive-pressure ventilation. Early extubation for nasal CPAP in the hour following intubation (InSurE) was rare [4] . The main reasons given were: waiting for reversion of the effects of analgesia-sedation, waiting for stabilization of the respiratory status, and favoring contact of the newborn with its parents [13] . LISA was introduced to the unit on May 21, 2012 and progressively implemented thereafter. This major change in practice was supported by a video demonstration and accompaniment of each practitioner for their first procedures. Within eight months, all practitioners had been trained to perform the procedure and the sedation protocol was consolidated, i.e. 20 μg/kg atropine associated with 0.5 mg/kg ketamine, repeated once if necessary, preferentially via peripheral venous access [14] . Spontaneously breathing preterm infants on CPAP for whom surfactant therapy was indicated, were intubated via a thin catheter (Vygon TM suction catheter: 1.5 mm in diameter (04Fr) x 265 mm in length) introduced through the nose and guided to the trachea with the help of a Magill forceps under direct laryngoscopy. Immediately after placement of the catheter under direct visualization, the mask on the face was replaced and 6 cm H 2 0 CPAP applied. Surfactant (200 mg/kg) was then slowly delivered through the catheter, over 1 to 3 min, with pauses if cough or desaturation occurred. The catheter was removed immediately after the administration was completed, whereas CPAP was continued with a T-piece and mask and the infant carefully monitored for apneas and SpO 2 to adapt the respiratory support and O 2 supply. The target for SpO2 was 92% with alarms set between 88 and 95% all along this study.
Data recording
Maternal and neonatal data, collected retrospectively from the medical record, included antenatal steroid use, timing of the rupture of the membranes, mode of delivery, birth weight, GA, sex, amount and time of postnatal surfactant administration, and data on adverse events until death or 36 weeks GA.
Definitions
Four strategies of respiratory care were used in the first hour after birth: (i) intubation with tracheal ventilation for 1 h or more (InVent), (ii) intubation with surfactant administration and tracheal ventilation for less than 1 h (InSurE), (iii) the less invasive surfactant administration (LISA), and (iv) and nasal CPAP with no surfactant administration during the first hour of neonatal care (nCPAP). Treatment failure was defined as the need for a second dose of surfactant therapy or intubation or re-intubation beyond the first two postnatal hours, regardless of the respiratory care provided at birth.
The primary outcome of the study was survival without moderate to severe bronchopulmonary dysplasia (BPD) at 36 weeks postmenstrual age (PMA) or discharge, defined as grade I to III following the latest revisited BPD definition provided by National Institute of Child Health and Human Development (NICHD) Consensus group [15] .
The other respiratory outcomes were the number of days on mechanical ventilation, duration of the first invasive ventilation period, need of mechanical ventilation on day 3, post-natal age at O 2 withdrawal, and need of supplementary oxygen at day 28.
The secondary outcomes were the incidence of pneumothorax, grade 3 or 4 intraventricular hemorrhage, cystic periventricular leukomalacia, surgical treatment of patent ductus arteriosus (PDA), surgery for necrotizing enterocolitis (NEC) and late onset sepsis. NEC was classified according to Bell's modified classification [16] . We have constructed a composite outcome "death or major morbidities" that includes grade 3 or 4 intraventricular hemorrhage, cystic periventricular leukomalacia, retinopathy of prematurity in indication of laser therapy and grade I/II/III BPD. Since the method for screening ROP has changed, we added a second composite outcome not including severe ROP.
The side effects commonly associated with the technique, such as bradycardia, apnea, or desaturation, were not systematically collected. However, tolerance to the procedure was assessed on 46 patients during its implementation and appeared to be safe (5% apnea-bradycardia, 6% unbalanced administration of surfactant, and frequent surfactant reflux).
Statistical analysis
All data were completely anonymous. Categorical data are presented as n (%). Continuous data were tested for normality (Q-Q plots and Shapiro tests) and are presented as medians [25p, 75p] . Proportion per units of the new procedure, the duration of first tracheal mechanical ventilation associated with surfactant therapy, total duration of tracheal mechanical ventilation, and death or BPD at 36 weeks PMA were sequentially analyzed over time using xbar-charts and ucharts as appropriate [17] . The evaluation period was divided into successive 4-month periods, from May 2010 (period 1) through April 2016 (period 24) for analysis of the control charts. Upper (UCL) and lower (LCL) control limits were set at ±3σ. Changes in the processes were determined according to Shewhart rules [18] . The mean gestational age, z-Score and duration of first tracheal ventilation associated with surfactant therapy were analyzed over time using Exponential Weighted Moving Average (EWMA) charts. Similarly, the proportion per units of the LISA procedure and intubation before min 10 were sequentially analyzed over time using ucharts for all the population. The proportion per units of death and grade I/II/III BPD were then sequentially analyzed over time using u-charts for the infants not intubated at min 10.
Subsequently, we used a propensity score approach [19] to control for observed confounding factors that could influence group assignment, i.e. new or InVent procedure for surfactant administration in spontaneously breathing infants after 10 minutes of life (min 10). The propensity score was estimated using a logistic regression model with LISA as the dependent variable in relation to the following baseline characteristics: GA, gender, birth weight z-score, multiple birth, antenatal corticosteroids, hypertension during pregnancy, prolonged rupture of membranes, maternal infection/chorioamnionitis, mode of delivery, Apgar score, post-natal age at intubation, and early neonatal infections. The propensity score was then used as a distance measure to perform 1:1 matching with replacement. The population size was set at 500 for optimization by the evolutionary algorithm [19] . Imbalance after matching was checked. Differences between the two groups, exposed, or not, to LISA were examined with χ2 tests or Fisher's exact tests for categorical data and independent t-tests or Mann-Withney U-tests, as appropriate, for continuous data. Then, odds ratios (ORs) were calculated to quantify the association between the initial strategy and main outcome using logistic regression fit by generalized estimating equations, weighted by the inverse of the propensity score. The best model was selected according to its parsimony and performance by stepwise selection with the AIC, BIC, and LASSO penalty methods. A two-tailed p value < 0.05 was considered statistically significant for all analyses. Data were analyzed with R software (R Core Team (2014). R: A language and environment for statistical computing. R Foundation for Statistical, Computing, Vienna, Austria. URL http://www.R-project.org/).
Results

General characteristics of the population
From May 2010 to April 2016, 400 patients were born alive below 30 weeks GA and had active care at birth in the NICU. Of the eligible infants, 21 were excluded because of congenital malformations. The initial respiratory support is described in the flow chart (Fig 1) . One patient in the InVent group, one with the new procedure, and three in the CPAP group were transferred to another medical center before 36 weeks PMA or discharged with missing data in their follow-up.
The demographic and clinical characteristics of the population are shown in Table 1 . The infants intubated before or at min 10 received less prenatal corticosteroids and were more frequently exposed to chorioamnionitis (p < 0.05), had lower birthweight and GA (p < 0.01), and had lower 1-and 5-min Apgar scores (p < 0.001) than spontaneously breathing infants at min 10. Similarly, they had higher rates of death or major morbidities ( Table 1 ). The incidence of grade I/ II/III BPD at 36 weeks PMA in the surviving infants was not significantly different between infants intubated before or at min 10 (63) and spontaneously breathing infants at min 10 (316), despite a significant difference in the initial respiratory support (62/63 vs 129/316 InVent, 
Changes in clinical practice in the delivery room
The ventilation strategy used in our delivery room changed after LISA deployment in the unit essentially for the infants not intubated at min 10 (Fig 2) .
Analysis of the 18 consecutive four-month periods through quality-control charts highlights the changes in our practices in the delivery room and the respiratory outcome during the implementation of LISA (Fig 3) . Approximately 50% of patients received surfactant without ventilation in the delivery room in the eight months following introduction of the technique in the unit. One year later, approximately 70% of all preterm infants received surfactant without ventilation in the delivery room. This change in our practices was associated with a sustained shift in short-term respiratory outcome (duration of the first mechanical ventilation associated with surfactant administration and the proportion of mechanical ventilation on day 3) but no significant change in the rate of death or grade I/II/III BPD at 36 weeks PMA. At the same time, the profile of the overall population noticeably changed, with a shift in the trend of the birth-weight z-Score towards lower values 72 months after introduction of the procedure. Evolution of ventilation strategies after LISA deployment. Ventilation strategies used in the delivery room according to GA at birth for the overall population before and after LISA deployment. Ventilation strategies used in the delivery room according to GA at birth for the group of preterm infants who were not intubated at 10 min postnatal age before and after LISA deployment.
https://doi.org/10.1371/journal.pone.0208252.g002
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The rate of the primary outcome "death or grade I/II/III BPD" varied in the range of a stable process during the study period for the infants in spontaneously breathing infants at 10 min of life (Fig 4) .
Effect of LISA on survival without BPD
Among the 261 spontaneously breathing infants at min10 with an indication for surfactant, 127 treated with the new procedure could be matched with 127 infants treated with InVent. The five infants exposed to InSurE were not included in the matching procedure. The matched groups were found to be well-balanced for prenatal and early neonatal characteristics at birth (Table 2) .
After matching with propensity score, the univariate comparison both group of the incidence of death or grade I/II/III BPD did not show a significant difference (p = 0.6) ( Table 3 ). The incidence of the grade III BPD was significantly less in the LISA group.
Effect of LISA on other respiratory outcome
Infants who received the LISA procedure had a lower duration of mechanical ventilation and a lower incidence of supplemental oxygen required on day 28 ( Table 4) .
Effect of LISA on non-respiratory outcome
The incidence of late onset sepsis, pneumothorax, necrotizing enterocolitis, PDA, severe intraventricular hemorrhage, and periventricular leukomalacia and survival without major complications did not significantly differ between groups (Table 5) .
Multivariate analysis with sensitivity analysis of the overall population was consistent with the primary analysis based on propensity matching. After adjustment for GA, birth weight zscore, and late onset sepsis, LISA was significantly associated with a reduction in the risk of death or grade I/II/III BPD at 36 weeks PMA (OR(95% CI) = 0.55 (0.31-0.97); p < 0.05). This association was no longer significant after weighting by the inverse of the propensity score (OR (95% CI) = 0.66 (0.3-1.04); p = 0.07). GA and birth weight z-score were the only variables significantly associated with more survival without grade I/II/III BDP.
Discussion
This cohort quality improvement study demonstrates the feasibility and clinical benefit of implementing a new procedure in a single level 3 neonatal unit, with training and accompaniment. The administration of surfactant through a thin catheter, without mechanical ventilation, could be successfully applied during the first hour after birth for infants younger than 30 weeks GA. This procedure was associated with a lower initial and overall duration of tracheal mechanical ventilation, lower duration of all respiratory support, and lower incidence of all respiratory support on day 28. When controlling for the propensity to be exposed or not to LISA, this procedure was not associated with a lower risk of death or grade I/II/III BDP at 36 Analysis of successive 4-month periods through quality-control charts in the overall population. Analysis of the trend for GA at birth (A), z-Score of the birth weight (B), the proportion of LISA (C), the rate of intubation at 10 minutes of life (D), the duration of first tracheal ventilation (E) and the proportion of tracheal ventilation on day 3 (F). Violated runs according to Shewhart rules are indicated by the red (large shift above 3 SD) and orange (small sustained shift) dots, indicating a significant change in the trend of the process. UCL and LCL designate the upper and lower control limits. Graphics A, B and E were EWMA-charts and graphics C, D and F were u-charts. The (+) in Fig 3A, 3B and 3E-refer respectively to the gestational age, birth weight z-Score and duration of first tracheal ventilation averages for each successive 4-month periods. The (•) in Fig 3A, 3B and 3E-refer to the moving average of series of data with weights, which decay exponentially.
https://doi.org/10.1371/journal.pone.0208252.g003
weeks PMA or discharge in our population, whereas some recent meta-analyses of LISA techniques did report such an effect [6, 20, 21] .
BPD is still the most frequent adverse outcome for infants born less than 30 weeks GA, despite the introduction of antenatal steroids, postnatal surfactant, modern respiratory care, and improved nutrition [22, 23] . The prevalence of BPD has increased, along with the increase in survival of infants born before 28 weeks GA [24] , with rates that remain high, approximately 40%, over the last few years [25] . Diverse approaches have been adopted to protect against lung injury and the development of BPD and thus, significant efforts have been made to avoid the use of invasive ventilation. The recent ILCOR 2015 and European Consensus Guidelines [26] recommend giving priority to a gentle respiratory approach, thus avoiding unnecessary mechanical ventilation during neonatal resuscitation.
A recent meta-analysis of 895 infants showed that the use of LISA reduced the composite outcome of death or BPD at 36 weeks, the need of mechanical ventilation within 72 h of birth, and the need of mechanical ventilation anytime during the ICU stay [20] . Another meta-analysis compared seven ventilation strategies for preterm infants younger than 33 weeks GA [6] . LISA was associated with a lower likelihood of the composite outcome of death or BPD at 36 weeks PMA than mechanical ventilation and nasal CPAP alone. Similar results were reported in a third meta-analysis published in 2016, in which LISA resulted in a decreased risk of BPD, death, or BPD and early CPAP failure [21] . These meta-analyses support previous results of randomized controlled trials and large multi-centric cohort studies using various methods of LISA with different catheters, exposition, and sedation [10, 27] . The potential common benefits of these techniques are the maintenance of spontaneous breathing and laryngeal function of infants while receiving nasal CPAP during the procedure, the complete avoidance of intermittent positive pressure ventilation via an endotracheal tube, and reduced traumatic and inflammatory airway injuries [3, [26] [27] [28] . These new methods and procedures have led to the reassessment of practices and new issues. Control charts have been developed as an industrial quality control technique and the use of such monitoring in healthcare settings was advocated in the late 1980s. This statistical procedure has already been used in the monitoring and improvement of diverse areas of hospital performance [29] . Our results are consistent with those of a recent study with the same objective of quality improvement [30] . In this study, a management protocol, including delayed umbilical cord clamping in combination with optimized nCPAP and less invasive surfactant administration, was associated with improved respiratory outcomes. In our study, the main change observed in our clinical practice in the delivery room over the considered period was the implementation of surfactant administration without mechanical ventilation. We did not demonstrate an increased rate of survival without BPD, but observed a significant improvement in all short-term respiratory parameters studied. Here, we examined differences in neonatal characteristics, including infant GA, birth weight, and other confounders, to assess changes over time that might have influenced outcomes. We observed that the incidence of intrauterine growth retardation increased over time. This had to be considered since fetal growth restriction has been independently associated with an increased risk of chronic lung disease and death [31, 32] . The introduction of this technique in our unit was a success. Another minimally invasive technique, known since the early 90s, the InSurE procedure, failed to be efficiently implemented in our unit. Before introduction of the new procedure, the duration of first ventilation was high in our unit, with an average of 60 h. It was sometimes difficult to extubate infants during the first hour and numerous factors may had explained the delay in extubation after surfactant administration with the tube that permitted ventilation: waiting for reversion of the effects of analgesia-sedation, waiting for stabilization of the respiratory status, and favoring contact of the newborn with its parents.
The incidence of secondary complications was similar in the LISA and InVent groups. Several studies have reported a reduction in major brain injuries with the LISA technique [11, 33, 34] . The very low incidence of severe intraventricular hemorrhage in our study could explain the absence of differences between the groups.
Retinopathy of prematurity (ROP) could not be analyzed since the method for the screening has changed during the study period. Before August 2012, the diagnosis of ROP was only performed using binocular indirect ophthalmoscopy and the implementation of wide-field digital retinal imaging (WFDRI) occurred at the same time as the new procedure. This method is known to provide higher specificity and sensitivity [35] . The change with ROP diagnostic methods could have contaminated the data. 
Surfactant administration through a thin catheter in preterm infants
The study has other limitations. We cannot exclude that the absence of a significant difference on the primary outcome is not due to a sufficient sample, since we did no sample size calculations for our study. The objective of the study was to observe the changes in our practices and their consequences. Thus, the indication and condition for surfactant administration were not controlled and the matching method only partially controlled for confounding factors, despite rigorous adjustment for them. Indeed, the method only accounts for observed covariates and any hidden bias due to latent variables may remain after matching. In this matching procedure, controls were used as matches for more than one treated individual, i.e. with replacement, since it can often decrease bias, especially when there are few control individuals relative to the number of treated individuals. However, inference is more complex, since the matched controls are no longer independent [36] . The complementary weighted multivariate analyses performed on all the patients avoids this limitation. The respective indications of the different methods of respiratory support, the optimal surfactant doses and sedation/analgesia associated with the procedure, optimal GA, and risk factors for failure are yet to be determined. In our unit, we used a sedation protocol with ketamine, but some authors did not use sedation [37] . Sedation used for the InSurE, InVent, and LISA procedures might have had a role in the subsequent immediate failure or success and longer respiratory outcome. This cannot be explored in this retrospective study because the absence of sedation was extremely rare, usually because of the absence of venous access and the presence of rapidly progressing respiratory distress, and sedation was insufficiently documented if no adverse event occurred. Additionally, some variables that might influence the association between LISA and respiratory outcome, such as the timing of caffeine administration or cumulative dose, were not collected [38] .
Conclusion
Advances in neonatal care have resulted in increased rates of extremely premature birth, leading to an emerging population of long-term survivors with BPD. This quality improvement study, using control charts together with propensity scores, permitted the evaluation of a new procedure. This new method of surfactant delivery resulted in less need for mechanical ventilation in spontaneously breathing preterm infants with RDS stabilized with nCPAP, without a significant effect on the composite outcome of death or BPD at 36 weeks. Further studies are needed to optimize the technique and its indications and harmonize premedication protocols.
